ABSTRACT: Our objectives were to determine cartilage contact stress during walking, stair climbing, and descending stairs in a welldefined group of normal volunteers and to assess variations in contact stress and area among subjects and across loading scenarios. Ten volunteers without history of hip pain or disease with normal lateral center-edge angle and acetabular index were selected. Computed tomography imaging with contrast was performed on one hip. Bone and cartilage surfaces were segmented from volumetric image data, and subject-specific finite element models were constructed and analyzed using a validated protocol. Acetabular contact stress and area were determined for seven activities. Peak stress ranged from 7.52 AE 2.11 MPa for heel-strike during walking (233% BW) to 8.66 AE 3.01 MPa for heel-strike during descending stairs (261% BW). Average contact area across all activities was 34% of the surface area of the acetabular cartilage. The distribution of contact stress was highly non-uniform, and more variability occurred among subjects for a given activity than among activities for a single subject. The magnitude and area of contact stress were consistent between activities, although inter-activity shifts in contact pattern were found as the direction of loading changed. Relatively small incongruencies between the femoral and acetabular cartilage had a large effect on the contact stresses. These effects tended to persist across all simulated activities. These results demonstrate the diversity and trends in cartilage contact stress in healthy hips during activities of daily living and provide a basis for future comparisons between normal and pathologic hips. ß
Contact stresses in the human hip play an important role in maintaining joint health and pain-free ambulation. Abnormal contact stresses are thought to be a primary cause of hip osteoarthritis (OA).
1,2 While a number of factors contribute to the progression of OA, bony abnormalities such as dysplasia and femoroacetabular impingement (FAI) seem to accelerate the onset of the disease. [3] [4] [5] [6] [7] Despite the importance of cartilage contact stresses to joint health, disagreement remains regarding the normal magnitudes and distributions of contact stress in the healthy hip. In vitro measurements of contact stress used pressure-sensitive film or piezo-resistive sensors, [8] [9] [10] but quantifying contact stress on the entire articulating surface is difficult with these techniques, and only a limited range of stresses can be measured. In vivo studies used instrumented prostheses to measure equivalent joint reaction forces. [11] [12] [13] [14] These measurements only approximate the true cartilage stresses since one joint surface has been replaced with an implant. To date, no experimental methods are available to assess hip contact stresses on a subject-specific basis.
Computational methods provide the means to predict hip joint cartilage mechanics for individual subjects. Contact stresses have been predicted using both the discrete element analysis (DEA) technique 15, 16 and the finite element (FE) method. [17] [18] [19] These studies reported proof-of-concept and results of parametric studies, but simplifying assumptions and a lack of validation limited their ability to provide definitive measurements of the magnitude and distribution of contact stresses in normal hips. Reports on contact stresses have not incorporated clear exclusion criteria to define the ''normal'' hip. In the clinic, radiographic measurements are used to define geometric abnormalities or cartilage degradation, while a detailed patient history can rule out preexisting pathologies. Our objectives were to determine cartilage contact stresses during walking, stair climbing, and descending stairs in a well-defined group of normal volunteers and to assess variations in contact stresses and areas among subjects and across loading scenarios. This was done by constructing and analyzing subject-specific FE models using a validated protocol. 20 
METHODS

Subject Selection and CT Imaging
Volunteers were recruited to match the age, weight, and body mass index (BMI) of patients with acetabular dysplasia commonly treated at our clinic. An institutional review board approved this study, and informed consent was received from 16 volunteers (seven female, nine male) with no history of hip pain or disease.
One hip from each subject was selected randomly to receive a CT arthrogram. The hip capsule was injected with $20 ml of a diluted contrast agent (2:1 lidocaine to 
JOURNAL OF ORTHOPAEDIC RESEARCH 2012
SOMATOM Definition CT Scanner. Joint traction was applied during the scan using a hare traction device to ensure that the contrast agent filled the joint space (Fig. 1a) .
The CT images were read by a senior radiologist and an orthopedic surgeon. The inclusion criteria required the hips to have a lateral center-edge angle between 258 and 408, 21, 22 acetabular index angle (acetabular inclination or Tonnis angle) between 08 and 108, 23, 24 qualitatively normal joint congruity, bone sphericity and cartilage morphology, and no signs of OA. CT images needed to show distribution of contrast sufficient to distinguish acetabular and femoral cartilage (Fig. 1) . Based on these criteria, six subjects were excluded. For the remaining 10 (five female, five male), the lateral center-edge angle was 33.5 AE 5.48 and acetabular index was 4.6 AE 3.78. Age, weight, and BMI were 26 AE 4 years, 70.0 AE 13.9 kg, and 23 AE 3.8, respectively.
Surface Reconstruction, Mesh Generation, and Constitutive Models Bone and cartilage surfaces were segmented from the CT image data using Amira software (5.3, Visage Imaging, San Diego, CA) and previously validated threshold settings. [25] [26] [27] CT images were up-sampled using a Lanczos filter kernel (1,536 Â 1,536; 0.3 mm thickness) to improve the resolution of the segmentation mask (Fig. 1a) . Additional up-sampling did not change FE predictions appreciably. Reconstructed surfaces were decimated to reduce the number of polygons and smoothed with a low pass filter to remove segmentation artifacts.
Surfaces were discretized using hexahedral and triangular shell elements (Fig. 1b and c) . Hexahedral meshes were constructed for the cartilage layers using TrueGrid (XYZ Scientific, Livermore, CA). Cortical bone surfaces were discretized using shell elements. Mesh densities were determined from convergence studies. 20 Trabecular bone was not included, as it has little effect on contact stress predictions. 20 Tied and sliding contact algorithms based on the mortar method were used to define cartilage-to-bone and cartilageto-cartilage interfaces, respectively. 28 Frictionless contact was assumed for the cartilage-to-cartilage interface, since the friction coefficient between cartilage surfaces is low (0.01-0.02 in the presence of synovial fluid). 29 Cartilage was modeled as a homogeneous, isotropic, nearly incompressible, neo-Hookean hyperelastic material with shear modulus G ¼ 13.6 MPa and bulk modulus K ¼ 1,359 MPa (n ¼ 0.495). 20 Cortical bone was modeled as a homogeneous, isotropic material with elastic modulus E ¼ 17 GPa and Poisson's ratio n ¼ 0.29.
20
Model Positioning, Boundary Conditions, and Loading Rigid node sets were created at the sacroiliac and pubis symphysis joints. Motion was applied superiorly to the distal femur to load the femur/acetabulum contact interface. The femur was allowed to translate in the medial-lateral and AP directions as it was displaced superiorly to facilitate seating of the head in the acetabulum. To eliminate rigid body modes, motion along the medial-lateral and AP directions was resisted by four orthogonal linear springs (k ¼ 1 N/m) placed at the distal femur.
Seven loading scenarios simulated activities of daily living ( Fig. 1d-j) . First, neutral pelvic and femoral positions were established using anatomical landmarks. 12 Next, the femur and pelvis were reoriented based on in vivo kinematic and kinetic hip joint data. 11 Five of the scenarios corresponded to time points during the gait cycle: the peak hip contact force following heel strike (WHS), the midpoint between heel strike and midstance (WHM), midstance (WMD), the midpoint between midstance and the late stance hip contact force peak (WML), and the late stance peak (WLS). Force peaks following heel strike were simulated for ascending (AHS) and descending stairs (DHS). A target hip contact force for each activity was scaled to bodyweight (BW) according to Bergmann's average subject-WHS (233% BW), WHM (215% BW), WMD (203% BW), WML (204% BW), WLS (205% BW), AHS (252% BW), and DHS (261% BW) (Supplementary Fig. 1 ). PreView was used for pre-processing, 30 NIKE3D (Lawrence Livermore Natl. Lab.; Livermore, CA) was used for all FE analyses, and PostView 31 was used to determine contact area and contact stresses for each subject and loading scenario.
Contact Areas and Stresses
Contact area was calculated on the articulating surface of the acetabular cartilage as an absolute value and as a percentage of the total surface area. Peak and average contact stresses within the contact area on the cartilage were calculated for all subjects and loading scenarios. Average values were mapped to a template mesh representing the acetabular cartilage. The radius and surface area of the mesh were chosen to match the mean values for the group of subjects.
Statistical Analysis
The acetabular cartilage was divided into anterior, superior, and posterior regions. 32 The non-parametric Kruskal-Wallis ANOVA was used to test for significant differences in mean pressure among regions for each activity, and for differences among activities for each region. Post hoc comparisons were performed using the Dunn test. Significance was set at p 0.05. Data are presented as mean AE SD unless noted.
RESULTS
Contact Stress Distribution and Contact Area
Contact stresses were highly non-uniform, with more variability in contact stress among subjects for a given activity than among activities for a single subject (Fig. 2) . Quantitatively, the standard deviation of peak contact stresses for a single subject (across all activities) was usually <½ that of any activity (across all subjects). For example, the standard deviation for subject #2 (across all activities) was 0.55 MPa, whereas the standard deviation of peak contact stress for the walking heel-strike activity (across all subjects) was 2.11 MPa. Differences in bone and cartilage geometry strongly affected the variation in contact patterns and location of peak contact stresses among subjects. For example, the acetabulum of one subject exhibited a small cavity in the anteriosuperior roof of the acetabulum, causing a discontinuity in the contact stresses on the articular surface (Fig. 3) . Despite the variability among subjects, differences in contact among activities roughly followed the change in direction of the resultant joint reaction force. As the loading direction changed from predominantly superior-posterior during ascending stairs to more superior during walking and superior-anterior during descending stairs, the contact locations moved similarly ( Supplementary Fig. 2 ). Similar shifting was seen within stages of walking, although to a lesser extent (Supplementary Video 1) .
Although the contact location was different among activities, the average contact areas on the acetabular cartilage were similar during each activity. The total acetabular cartilage surface area averaged 1,936 AE 295 mm 2 , while the average contact area across all activities was 657 AE 43 mm 2 (Fig. 4) . No significant difference was found in absolute contact area (p ¼ 0.593) or percent contact area (p ¼ 0.486) among activities. Figure 2 . Contact stresses on the acetabular cartilage for each subject during walking, ascending stairs, and descending stairs. Left is anterior. Variations in stresses were greater among subjects (columns) than among loading scenarios (rows).
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Peak and Average Contact Stresses
The location of the peak stress tended to be similar for a particular subject across all activities (Fig. 2) . The peak stresses increased slightly as the joint reaction force increased among activities. For instance, peak stress was 7.52 AE 2. 
Regional Differences in Average Contact Stress
Significant differences occurred in the average contact stress among regions for most activities (Fig. 5) . For instance, differences were detected between the superior and posterior regions during WHS (p ¼ 0.04). When the joint force was oriented more anteriorly during WHM, significant regional differences in contact stress occurred between the anterior and posterior regions (p ¼ 0.04) and between the superior and posterior regions (p ¼ 0.01). This trend continued through the remaining walking stages, including WLS (p ¼ 0.004 and p ¼ 0.006 for anterior vs. posterior and superior vs. posterior, respectively). No significant differences in contact stress were found among the different regions during AHS. However, contact stress in both the anterior and superior regions was significantly greater than those of the posterior region during DHS (p ¼ 0.004 and p ¼ 0.02, respectively).
For a given region, no significant differences in average stresses occurred among any of the walking scenarios, with the exception of the posterior region, which saw a significant increase in stresses between WHS and WLS (p ¼ 0.04).
DISCUSSION
Our objective was to quantify the magnitude and distribution of cartilage contact stress in a well-defined group of healthy hips using a validated modeling protocol. The major findings were that cartilage contact stress distribution varied considerably even among healthy subjects, but there were consistent trends in the magnitude and area of contact stresses. Further, contact patterns changed significantly among loading activities. Despite the fact that subjects were selected using clinically based criteria for normal, healthy hips, contact stress distribution was non-uniform in all cases, with greater variation among subjects than among loading scenarios (Fig. 2) . This suggests that even in a healthy population, contact mechanics are unique to the individual. The variability in contact mechanics may be due to small differences in bone and cartilage morphology (Fig. 3) , based on the fact that identical boundary and loading conditions were applied to each model, leaving geometry as the primary variable among subjects.
The non-uniform distribution of contact stress is supported by prior studies examining the effect of geometric assumptions on a computational model, as well as prior in vitro studies. A previous computational study investigated how contact stresses were altered when femoral and acetabular geometry were changed from subject-specific to an ideal sphere. 33 Models with ideal geometry had substantially reduced cartilage contact stresses and more uniform distributions of contact. Furthermore, for spherical models, the magnitude and distribution of contact stresses did not appreciably change among loading scenarios, in contrast to our results. Most computational studies that used subject-specific geometry presented only proof-ofconcept results, wherein only a single model was developed. 17, 34 One exception is a study that modeled contact pressures using asymptomatic hips of five patients with acetabular dysplasia and CT images from one cadaver. 35 Only contact distributions for the cadaver-based model were described in detail, and the distributions were more uniform than those in our study. The differences may be due to the fact that the CT images in the previous study were collected from hip joints that were already in contact. The added congruency due to initial contact, along with considerable smoothing during segmentation, may have resulted in more uniform contact during modeling. Still, the range of peak contact pressures (4.53-7.05 MPa) in asymptomatic hips of the previous study reached the lower end of those that we observed. Multiple in vitro experiments reported that cartilage contact stresses are irregular in the normal hip. 8, 9, 10, 14, 20, 36, 37 In a study of joint congruity, considerable variation was found in the magnitude and joint space width. 38 Likewise, another study found that incongruity strongly affected the distribution of contact and pressure, although no correlation was found between distribution of contact and subchondral bone density. 37 This suggests that, in agreement with our results, surface geometry is the major determinant of cartilage contact stress distribution and magnitude.
While substantial variation in the spatial distribution of contact stress occurred among subjects, peak and average contact stresses, and contact areas were similar for each loading scenario. The peak contact stress averaged between 7 and 8 MPa for all activities, despite a 58% bodyweight difference in applied joint contact forces between the highest and lowest loading activities. These data suggest that although different hips distribute load differently, healthy joints distribute load in a way that maintains a fairly homeostatic maximum contact stress. Average contact stresses ($1 MPa) were considerably less than peak values, in agreement with other studies. 9, 14 Direct comparison of values for contact stress with prior experimental studies is difficult because of differences in loading modalities and measurement techniques. At midstance (203% BW load, 1.18 flexion, 8.48 abduction, 6.78 internal rotation), we predicted a peak stress of 7.2 AE 2.6 MPa. This is in good agreement with values ranging from 6.7 to 8.8 MPa found in vitro with joints in similar orientations. 9, 10, 14 In fact, the range of peak contact stresses predicted in our study corroborates many published values. 8, 37 Though the orientation of the femur and pelvis were changed to represent different loading scenarios, contact areas were consistent at 32-37% of the articulating surface area. This suggests that despite variations in stress distribution, healthy hips maintain a similar percentage of the cartilage surface in contact during different activities. These inter-activity similarities may be explained by specific acetabular morphologies consistently being in contact with the femoral head. Two previous studies varied the orientation of the femur with respect to the acetabulum and found little effect on the contact stress pattern. 9, 10 However, one study did report a general shift in loading as orientation changed, in agreement with our study. 9 While considerable variation in the distribution of contact stress occurred among subjects, some patterns were evident. There was a shift in the spatial distribution of contact stress in correspondence with changing loading directions. The acetabular regions that experienced the highest load support depended on the particular loading scenario (Fig. 4) . For example, the cartilage on the anterior acetabulum supported more load than the superior region during DHS, whereas the superior region supported more load than the anterior region during AHS. These patterns indicate CONTACT STRESSES IN NORMAL HIPS 5 significant shifts in load bearing throughout the joint during different activities.
Our study has several limitations that warrant discussion. First, cartilage was assumed to be isotropic, nearly incompressible, and hyperelastic. While cartilage is known to exhibit biphasic behavior, computational predictions of stress are equivalent for biphasic and incompressible hyperelastic material models during instantaneous loading. 39 Also, our constitutive assumptions are consistent with an experimentally validated protocol. 20 Furthermore, despite the material homogeneity, substantial differences were found in the predicted stress distributions among subjects, implying that the differences are due to the geometric variation in joint geometry. Second, the FE models did not include the labrum. The role of the labrum during load distribution has been debated. 40, 41 A recent study found that the labrum supported <3% of the load across the joint in healthy subjects. 42 Since CT image data were segmented semi-automatically, there may be some observer-dependence in the resulting segmentations. The accuracy of the segmentation protocols was evaluated for both bone and cartilage and found to produce errors of <0.5 mm. 25, 26 With respect to this amount of error and its effect on contact stresses, local changes in geometry are not likely to occur in a 0.5 mm distance along the articulating surface; errors in segmentation are consistent and vary smoothly on a given surface. Thus, subtle geometric differences suspected to cause individual contact stress magnitudes and distributions generally occur along the curvature of that surface over distances >0.5 mm. Finally, joint angles and contact forces used to drive the models were taken from the literature. 11 Using generic values for specific models may have one of two effects: application of generic angles and forces could cause more uniformity in contact stress among subjects, or it could exacerbate effects of individual geometry as the joints are loaded at what may not be optimal orientations to effectively redistribute contact forces. Nevertheless, boundary conditions were applied to circumvent this effect (i.e., femur was allowed to translate in axial plane to find path of least resistance).
The use of subject-specific geometry in a population of healthy individuals revealed considerable variation in distributions of contact stress and some similarities that can be expected in normal human hips. Our results can be used as a basis for comparing pathologic and healthy hips in the future.
